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Abstract
Natural Gas (NG) is one of the major sources of energy currently used in the United
States. Its major applications include generating electricity, domestic, and industrial heating
purposes and as a transportation fuel. The largest component of NG is methane, and it contains
trace amounts of hydrocarbons, some CO2 and water vapor.
Biogas (produced by anaerobic digestion (AD) of biomass) upgraded to have high purity
methane (often termed as biomethane or renewable natural gas) can be used as an alternative to
NG. The upgrading techniques may include CO2 separation from the biogas stream or via to a
methanation facility where CO2 can be reacted with H2 to form CH4. This allows further
enrichment of the CH4 in the stream. The biggest advantage of this biomethane is that it has a gas
composition similar to NG and can therefore be injected into the existing pipeline infrastructure
for distributing NG.
One of the proposed methods for producing RNG is by CO2 methanation using landfill
gas as the source. This process utilizes H2 produced from water electrolysis for the methanation
step. Herein, we have modeled a RNG production facility using Aspen Plus to produce RNG
with 95.7 mol% methane content. The RNG product meets the NG pipelines specifications for
direct injection.
The techno-economic sensitivity studies show that the RNG produced is not currently
competitive with NG and is heavily dependent on the production price of H2. A life cycle
assessment of the RNG production process was performed. A comparative study showed that the

viii

proposed process is capable of reducing the emissions by 70% in comparison to a biomethane
production via High Temperature Water Scrubbing of biogas.
A life cycle assessment (LCA) of the RNG production process was performed. A
comparative study showed that the proposed process is capable of reducing the emissions by
70% in comparison to a biomethane production via High Temperature Water Scrubbing of
biogas.
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Chapter 1: Introduction and Motivation
Wood was initially the source of almost all the energy that was used for heating
requirements, cooking, and lighting purposes. Later with the discovery of fossil fuels (coal, natural
gas, and petroleum) became the primary source of energy.
Due to the over-exploitation of the fossil fuels, the world is currently seeing the rapid
depletion in natural resources and drastic increase in global emissions that have resulted in global
warming and other such manifestations. According to the U.S Energy Information Administration
(EIA), as recent as 2020, the 35% of the primary energy consumption was through petroleum, 34%
through Natural gas whereas, only 12% of the energy consumption was in the form of renewable
energy.1 Globally, there has been a rapid growth in the awareness relating to the environmental
policies and more research have been focused on generating renewable energy as an alternate.
The first major environmental law in the U.S. was passed in 1969, named the National
Environmental Policy Act.2 This necessitated that all the government agencies needed to go
through a formal procedure that assessed the potential impacts on the environment as a result of
their actions. This also mandated that these agencies consider these impacts while making any
decisions. Greenhouse gases such as CH4 and CO2 are now regulated by the Clean Air Act (1970).
There is a significant amount of potent greenhouse gas emissions that result from a variety of
anthropogenic activities- agricultural, landfills, mining activities, automobile sector and energy,
industrial activities. It has also been reported that emissions from landfills in U.S contributed about
660 metric tons of CO2 equivalent in 2019.3 To regulate these emissions, researchers have focused
on developing technologies that can convert landfill gas to biofuels and renewable natural gas.
1

One of these technologies is based on converting landfill gas to Renewable Natural Gas (RNG) by
reacting it with renewably generated hydrogen.
1.1 Objectives and Scope
This study focuses on performing a techno-economic feasibility and sustainability analysis
for the direct conversion of landfill gas to RNG by CO2 methanation using hydrogen. The
production facility was designed using Aspen Plus V11 (Aspen Plus is trademarked by Aspen
Tech, Inc.). We want to ensure that the product RNG composition meets the requirements for the
Natural gas(NG) pipeline injection. We also want to make a comparative study to review the cost
competitiveness for producing RNG. Another goal is to perform a Life Cycle Analysis (LCA) of
the production process to determine the impacts in terms of the Global Warming Potential(GWP).
This process analysis is limited to using a Landfill Gas (LFG) stream devoid of impurities
such as siloxanes, water vapor and H2S from a typical landfill. A nominal capacity of 2500 scfm
is used for the study. H2 used is assumed to be purchased. The RNG product is compressed and
made ready for pipeline injection.
1.2 Thesis Outline
The thesis is organized as follows, Chapter 2 focuses on an in-depth literature and
background study on biogas upgrading techniques and techniques that focus on conversion of CO2
to CH4 where the feedstock for CO2 is from a variety of sources- CO2 removed from biogas, and
other such techniques. Chapter 3 focuses on a thermodynamic analysis to determine the optimal
pressure and temperature conditions for the methanation reaction. Chapter 4 describes the
proposed process for RNG production. It also details the information on the process modeling and
simulation results that was performed on Aspen Plus. Chapter 5 demonstrates the economic
analysis methodologies that were adapted for this study and its results. Chapter 6 provides
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information on the life-cycle assessment methodology that was adapted for the RNG production
and its results. Chapter 7 gives the summary, conclusions, and recommendations on further studies
for RNG production techniques.

3

Chapter 2: Background
2.1 Introduction
According to the U.S. Environmental Protection Agency (EPA) reports from 1990-2019,
methane accounts for about ten percent of the emissions in USA that contribute to global warming.4
This potent greenhouse gas is emitted from a variety of anthropogenic sources-agriculture,
landfills, mining activities, automobile sector and energy and industrial activities.4 EPA regulates
and suggests ways and techniques to reduce the emissions of methane. For example, upgrading the
equipment that are used for the production, storage, and transportation of natural gas; capturing
techniques from mining sites that can be further recycled or used as energy storage.

Table 2.1: Sources of methane, emissions per sector and their established mitigation
technologies.5
Sources of Methane
Global Methane Emissions
Mitigation Technologies
per sector (million metric
tons CO2 equivalent)
Agriculture

286

Floating Dome Anaerobic
Digester

Coal Mines

799

Degasification Pump Station

Municipal Solid Waste

1077

Landfill Gas Well

Oil and Gas Systems

2276

Leak Detection Equipment

Wastewater

672

Anaerobic Wastewater
Treatment

4

Methane is the main constituent of natural gas-it constitutes of about ninety percent by
volume. Renewable natural gas (RNG) is an economical, clean fuel derived from biogas (produced
by anaerobic digestion of biomass) that can be used as an energy source. It is possible to use
capture the methane from various sources (some examples are stated in Table 1) and upgrade it for
commercial or household purposes. One of the major advantages of RNG is its higher calorific
value. It possesses the properties similar to NG (especially in terms of heating value) and can
therefore qualifies to be injected into a natural gas grid.
LFG is a resultant of the biological decomposition of the municipal wastes (MSW) or other
agricultural wastes in landfills under anaerobic conditions. According to the EPA reports as of
2021, MSW landfills contributed to about 15.1% of the U.S. CH4 in 2019.4 LFG consists of
approximately 50% methane and 50% CO2. It can be used as a low-grade fuel.
Zero-waste, carbon neutral and sustainable biomethane production technologies that
utilizes sources such as landfill gas (LFG), biogas, agricultural wastes, wastewater from urban area
are being studied actively now. There have also been efforts to improve the yield of methane from
anaerobic digestion. In this chapter, the main focus is on matured technologies to produce
biomethane from biogas by converting the CO2 in biogas to methane using hydrogen. Various
techniques to enrich the content of methane in the stream will be discussed further.
2.2 Biogas Upgrading Via Removal of CO2
This process is mainly focused on the separation of methane from carbon dioxide and other
gases from biogas/LFG. Figure 2.1 demonstrates the various methods of upgrading biogas to
higher purity methane. The different enlisted techniques involve processes to remove unwanted
components as wells as impurities such as H2S, moisture, VOCs, and siloxanes.

5

Figure 2.1: Biogas upgrading technologies by CO2 removal.6

2.2.1 Biogas Upgrading by Absorption Techniques
The working principle behind the absorption technologies is based on the preferential
solubility of CO2 in a solvent. The solubility depends on the chemical and physical properties on
the solvent. The main types of absorption technologies are physical and chemical scrubbing. The
process of physical absorption occurs due to weak intermolecular forces with the absorbing
material, and therefore this technique is generally operated under high pressure and low
temperature conditions. The process of chemical absorption occurs due to covalent fragments
bonding with the solvent molecules.7 The table below (Table 2) summarizes the purity of methane
obtained from the respective scrubbing techniques.

Table 2.2: Scrubbing techniques, types of liquids used, and the purity of methane produced.6
Scrubbing Technique
Type of liquid used for
Methane purity (%)
scrubbing
Physical Scrubbing

Water

96-98

Polyethylene glycol

96-98

.
6

Chemical Scrubbing

Table 2.2: (Continued).
Mono ethanol amine or Di-

>99

methyl ethanol amine;
alkaline solution

2.2.2 Biogas Upgrading via Adsorption
Upgrading biogas via adsorption is a commonly used purification technology that has been
used due to parameters such as operational flexibility, high efficiency, lower price and the lack of
byproducts when they are combined with a reasonable regeneration technique. This process
involves separating components from a stream by accumulating or concentrating the separating
component on the surface of the adsorbing material. The phase that adsorbs is termed as the
adsorbent, and the component that is concentrated on the surface of the adsorbent is termed as the
adsorbate. The performance parameters are determined based on indicators such as- adsorption
capacity, CO2 or CH4 selectivity, the kinetics of adsorption/desorption, the regenerability of the
adsorbent, its mechanical and chemical stability, and also its price.8
Pressure swing adsorption is also one of the broadly used adsorption technologies for
upgrading. CO2 adsorbs on the surface of a suitable adsorbent. This process consists of the
following steps:
1. Adsorption
2. Depressurization
3. Desorption
4. Pressurization
7

Some commonly used adsorption techniques are pressure swing adsorption (PSA),
temperature swing adsorption (TSA) and electric swing adsorption (ESA). The adsorbents used
for TSA -carbon, zeolite; for TSA- carbon cryogel microspheres and for ESA are-activated carbon.
Rainone et. Al.,8 conducted a study to generate biomethane by upgrading biogas via
adsorption. They used commercially available carbon-based adsorbents, activated carbon and
carbon molecular sieves. The experimental results that the AC had a greater adsorbing capacity
for both CO2 and CH4.
2.2.3 Biogas Upgrading by Cryogenic Separation
The cryogenic process works on the differences in the boiling points of the phases being
separated. This is a distillation process that operates under very high (about 80 bar) and low
temperature (about -170oC). Processes that require very pure methane utilizes this production
technology. Methane purity from this process ranges from 90%-99%. This process requires very
high capital investments, and the cost of operation and maintenance is also very high due to the
use of large numbers of compressors, heat exchangers, distillation columns and turbines.6
2.2.4 Biogas Upgrading by Membrane Separation
This technology works on the principle of gas dissolution and diffusion through
membranes (polymer materials). A differential pressure is applied on the opposite sides of the
membrane film where a gas transportation takes place, and the rate of gas permeation is controlled
by the coefficient of solubility and diffusion coefficient of the specific gas-membrane system. This
technology is more appealing for biogas upgrading since it has lower energy consumption, and the
methane recovery is higher than other upgrading technologies. One of the main disadvantages of
this process that it requires multiple stages to obtain methane of a desired purity.9

8

In comparison to the more widely used processes for biogas upgrading to biomethane such
as PSA, absorption processes, the membrane separation techniques are less energy intensive and
have lower energy requirements.10 Also, the infrastructure required in membrane separation has
lower volumes than PSA and absorption processes. The table 2.3 below summarizes some of the
advantages and disadvantages of this process.

Table 2.3: The advantages and disadvantages of membrane separation for biogas upgrading to
biomethane.
Advantages
Disadvantages
Cost of maintenance is lesser.

The membranes used for separation are
expensive.

Membrane module is simple and compact.

A separate unit required for H2S removal
required.

Operating expenses are lower.

Methane losses are greater.

Lower space demands for installation and

The membranes degrade with time.

operation.

An economical evaluation was performed by Deng et. Al.,11 of a biogas upgrading to
biomethane facility of 1000 Nm3/h capacity using membrane facilitated separation. They modeled
an on-farm biogas plant with a four different membrane module designs versus a two-stage cascade
with recycle configuration. They reported that the resultant biomethane had a methane purity of
98% (volume basis) and the total cost for upgrading was $0.194 per Nm3 of biogas upgraded.
The capital costs associated with the biogas/LFG upgrading technologies depends heavily
on the plant capacity. A capital investment comparison for the various upgrading technologies
9

were conducted for varying plant capacities (summarized in Table 2.4).12 The investments were
reported for processing 250 Nm3/h of biogas.

Upgrading

Table 2.4: Cost of upgrading biogas.
Water scrubbing
Cryogenic
PSA

Membrane

technique

separation

Investment

0.307

1.052

0.789

0.27-0.868

0.15

0.51

0.29

0.14-0.25

(million $)
Cost ($)
Nm3/biogas
upgraded

2.3 Biogas Upgrading by Utilizing CO2 in the Feedstock
The previous discussion focused on upgrading biogas by removal of CO2 in the feed
stream. The cost and energy associated with this removal step is large. Recent efforts have been
made to develop methods that utilize the CO2 without its removal. Further downstream purification
steps can be integrated into the processes to provide methane of the demanded purity. This section
summarizes state-of-art that are based on these principles.
2.3.1 Sabatier Reaction
𝑜
𝐶𝑂2 + 4𝐻2 < −> 𝐶𝐻4 + 2𝐻2 𝑂; ∆𝐻298
= −164.9

𝑘𝐽
𝑚𝑜𝑙

(1)

The Sabatier reaction was initially studied to remove trace carbon oxides from the feed
stream for ammonia production. In the recent times, this technology has gained attention in the
Power to Gas (P2G) technology. The idea is to use renewable electricity to produce hydrogen by
10

electrolysis of water and then to use this hydrogen for producing RNG. The P2G pathways offers
a long-term solution for increasing the share of renewable energy that is produced currently. In
Germany, a facility demonstrated a production of 1400 m3/day of RNG (using captured CO2)
produced using 1MW of wind energy and 2MW electrolyzer unit(producing H2). The produced
RNG was directly fed into NG pipelines.13 NASA has explored the process of converting the
carbon dioxide in the atmosphere of Mars to produce methane and water to be used as an energy
source and for the life-support systems used by astronauts.14
2.3.1.1 Thermodynamic Analysis of Sabatier Reaction
This reaction is exothermic in nature, and it was determined that theoretically, the optimum
conditions for methanation of CO2 is between 200oC-500 oC.15 The methane selectivity and CO2
conversion are very close to 100%. This reaction is also favored at high pressures. The typical
pressure range in which it operates is about 10-30 atm.16 Miguel et Al.,15 performed
thermodynamic analysis for direct CO2 hydrogenation to methane. They noticed that for a feed
ratio of H2:CO2 of 3, the methane selectivity for the reaction gradually decreased below 250oC,
whereas the CO2 conversion was increasing. This indicated that reactions favoring the formation
of solid carbon was more dominant. The highest yield and selectivity of methane was observed for
the stoichiometric H2:CO2 ratio of 4.
2.4 Sabatier Reaction with Landfill Gas (LFG) or Biogas as Feedstock for CO2
One of the advantages of using biogas or LFG as the feed is that any additional unit
processes associated with the CO2 capture or upgrading can be avoided. The main idea is the
conversion of carbon dioxide in the feed into methane. The desired purity of the methane as the
result of this process is such that it may be directly injected into grids/ other process that require
high purity methane.

11

2.4.1 Studies that Utilize CO2 in LFG/Biogas for Producing SNG
The studies discussed in this section utilizes the biogas/LFG that are rich in CO2 besides
methane in a methanation unit for producing RNG of high purity. The H2 used in the reaction is
also sourced from renewable resources. Most literature reported have generated the hydrogen by
water electrolysis.17-19
Guilera et Al.,18 designed a

two-step methanation process where they studied the

methanation of CO2 from two sources-sewage biogas and CO2 obtained from the waste stream of
a membrane upgrading plant. They obtained the desired product quality at a minimum pressure of
5 barg. The gas hourly space velocity at 5 barg pressure used for the CO2 from biogas was 37500
h-1. Another study by Currie et Al.,19 focused on evaluating the techno-economic feasibility of a
utilizing a single-pass Sabatier reactor for the production of RNG. 5000 scfm biogas was used as
the CO2 feedstock and a commercial Ni/Alumina catalyst for simulating the methanation reactor.
A prototype of the air-cooled reactor was also studied where stability tests for up to 100h were
performed. The results from experiments and simulations demonstrated that the CO2 conversion
was greater than 90% and the product selectivity was maintained at 100%.19
Another study focused on utilizing the CO2 from sewage biogas and a waste stream to RNG
by methanation using H2 produced in a 37-kW pilot electrolyzer and 100 Nm3/h feed rate of LFG.
A two-step process was adapted for the synthesis of biomethane of desired quality and it was
observed that the C-feedstock, pressure, temperature and GHSV were key parameters in
determining the quality of the product RNG.18
Alarcón et Al.,20 conducted a heat-management study for the CO2 methanation to RNG
was conducted. Various experiments were performed using a Ni-Ceria catalyst under different
pressure conditions, space velocities, feed inlet temperatures. The CO2 conversions obtained for
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the temperature range of 830-495K was 93%. They validated the lab-scale results using a CFD
model for the same proposed study. Another study reported a cost of $38/MMBtu of RNG.21 This
study was conducted to assess the techno-economic feasibility of RNG production by reacting H2
from low temperature electrolysis and captured CO2.
RNG produced from raw biogas by CO2 methanation was also investigated.22 The main
objective of this facility was to obtain at least 80% CO2 conversion and 100% methane selectivity
for increasing the overall efficiency of the system. The simulation results obtained for a feed ratio
of 4:1 H2 to CO2 reported CO2 conversions around 95% at 300oC.
2.4.1.1 Process Design
It is a challenging task to develop a process that is successful in tackling all of issues
associated with methanation. The commonly used reactor setups for this type of reactions are
fluidized bed reactors and fixed bed reactors. These reactors are very compact and simple but face
challenges in terms of heat management when they face highly exothermic reaction systems such
as the Sabatier reaction.

Figure 2.2: CO2 methanation utilizing renewable feed streams.

The typical operating conditions for these reactors are in between 200oC-500oC, pressure
ranging from 1-100 bar.23 Additional challenges include the formation of hotspots due to the
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exothermic nature of the reaction-which may lead to catalyst deactivation/thermal disintegration.
This may be avoided by using a cascade configuration of adiabatic reactors that include
intermediate gas circulation and cooling. Another possible solution to the earlier stated challenges
may be the use of single-pass, cooled reactors. This reactor configuration would need simpler
process controls and lesser equipment’s. Challenges associated with this system include- high
investment costs, significant costs for replacing catalysts, and high operating costs for the process.
Despite these challenges, such reactor configurations have been studied and further efforts are
being made to reduce the costs associated while increasing the sustainability of the entire process.19
2.5 Techno-Economic Feasibility for RNG Production

Figure 2.3: Steps considered for calculating the economics of the RNG production.

Figure 2.3 shows the major steps that are involved in the process for high purity methane
production through CO2 methanation based on which the economic analysis is considered. The
capital expenditures (CAPEX) and operating expenditures (OPEX) for each of the steps were
considered while performing the economic feasibility of the proposed process.
In prior work, a methanation facility used 60 scfm biogas stream for the methanation
facility. The produced RNG was assumed to have a selling price of $40/GJ, and the feasibility of
the process was based on a payout time of 4.5 years.22
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The major cost that contributes to the expenses involved in manufacturing of RNG is due
to the cost of H2. The cost of producing H2 by water electrolysis have been reported to range to
$2-$7.75/ kg of H2.24 Simulation and experimental results have shown that very high purity
methane(90% pure) can be produced at a cost of $15-$25/GJ for the electricity price of
$0.05/kWh.19
2.6 Hydrogen Production from Renewable Sources
H2 as a fuel currently plays a significant part in the net-zero emissions target for the future.
According to the Hydrogen and Fuel Cell Technologies Office in the U.S.,25 H2 can be produced
from a variety of sources- fossils fuels( by method of coal gasification), biomass and by water
splitting via electrolysis. As reported, currently almost 95% of the hydrogen is produced from
fossil fuel sources through hydrocarbon reforming.
The main goals set by researchers currently have focused on utilizing more renewable
resources as feedstock to achieve the carbon-neutral goals. The process of electrolysis is a
commercially available technology and the product H2 is of very high purity.26
The U.S Department of Energy also documented the current H2 production technologies
and its cost.274 Recent studies on advancing H2 production have focused on producing H2 through
electrolysis. This is to reduce the C-footprint by utilizing a variety of renewable sources and waste
materials. The current H2 produced from fossil fuels vary from $1.43/kg to $2.06/kg of H2. The
current reported price of H2 using water electrolysis that uses renewable electricity is $5/kg.
Figure 2.4 below lists the current prices and future projected prices of H2 based on
renewable/fossils sources used for its production.
According to the U.S Department of Energy Hydrogen Plan,28 the set targets for H2
production is projected to be <$2/kg for automobile and transportation uses, and <1$/kg for
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industrial and power generation uses in the near future. This was the same target set by the first
Earth Energy Shot summit held in July 2021- Hydrogen Shot- to reduce the price of current

$/kg

hydrogen (average $5/kg) to $1/kg within a decade.53
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Future price for Autombile and transportation
Figure 2.4: The current and project price of H2 by source.

2.7 Life Cycle Assessment of Biomethane Production
There are various techniques available for biogas upgrading by CO2 removal to enrich the
stream and its direct injection into natural gas pipelines. Studies have been conducted that utilizes
this removed CO2 for methanation and in turn adding to the methane rich stream. A cradle-to-gate
LCA was thus conducted by Lorenzi et Al.,29 where they studied the high -temperature electrolysis
to form H2 that was further utilized for the methanation process. The reported GWP was 3.9 (kg
equivalent CO2) for 1 Nm3 of biomethane produced. Another study reported that the emissions
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from biogas upgrading processes that remove CO2 for methanation are greater than the emissions
of direct methanation of CO2 in biogas. These increased emissions are attributed to the methane
leakages that occur while the separation of CO2 and energy requirements.
Another study conducted in Germany aimed to analyze the production of SNG using
different electrolysis processes.30 The study also considered the electricity based on current (2019)
and future scenarios( 2030, 2050) and renewable electricity. This was done to determine the lowest
CO2 emissions comparing all the cases considered. The production facility using solid oxide
electrolysis (SOEC) results in the lowest emissions from the current and future electricity scenario
perspective. For 1 kg of SNG produced from biogas, the reported carbon dioxide emissions are 10
kg equivalent of carbon dioxide( for renewable electricity scenario in 2019) using a 1MW
electrolyzer.30
Zhang et Al.,31 studied the process of capturing CO2 from power plants and utilizing the
hydrogen( produced via electrolysis) methanation technology for production of SNG. The life
cycle assessment analysis for the capture process, electrolysis, methanation and utilization of the
SNG individually. The impact was assessed in terms of grams carbon dioxide emitted from the
process. From the electrolysis facility using a 100 kW electrolyzer for producing hydrogen, the
emitted carbon dioxide was nearly 250 g. They studied the emissions for the SNG produced for
powering vehicles and the reported carbon dioxide emissions were only 390 g (for carbon dioxide
captured from a natural gas power plant). Similar emission results were reported for carbon
captured from wood power plant, hard coal power plant versus conventional natural gas supply.
2.8 Summary
Recently P2G technologies have gained attention due to its ability to produce RNG. The
existing NG pipelines and gas networks that can be used as means for transporting, and reutilizing
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the renewable energy produced. Very few studies have been carried out that analyze the technical
and economic feasibility of the entire production facilities. The current P2G technologies are not
yet commercially viable due to the very high price of H2 (currently about $5-$6/kg) production
though recent targets set by the U.S. Department of Energy have projected would drop to <$1/kg.
The methanation technologies that use CO2 from sources such as upgraded biogas, CCS
techniques have to undergo a large number of CO2 separation steps before it can be sent to the
methanation step. Whereas, for the direct methanation of CO2 in biogas avoids such steps thereby
reducing the energy requirements. Studies are being conducted to identify catalyst that can be used
for the methanation reaction to obtain high purity RNG that meets the NG pipeline specifications.
There have been very few studies on analyzing the sustainability aspect of the direct CO2
methanation from biogas. The goal of this study is therefore to determine the cost competitiveness
of the product RNG and analyze the sustainability of the production process in comparison to other
methanation techniques that use CO2 separation techniques.
2.9 Research Gap
Past studies conducted for the RNG production by methanation have considered very high
amount of N2 content in the source biogas. This requires an addition cryogenic separation facility
to meet the required specification. N2 in the product also reduces its heating value. The proposed
technique does not require an addition N2 separation unit.
Multi-stage methanation steps have been reported in the studies which involved complex
heat management and higher cooling requirements. Herein, we study a single methanation step to
achieve highest methane purity that meets the pipeline specifications thereby lowering the cooling
requirements and utilizing the excess heat from the reactor for producing electricity to meet the
power requirements of the compressors used. Alternate RNG production schemes were also

18

studied such as by partial CO2 removal from LFG and then methanation. Also, the effect of
CH4/CO2 ratio in LFG was also considered to study its effect on the production cost of RNG. There
has been no study reported in the literature that considers both the economic and environmental
aspects of direct methanation of CO2 in the biogas. The research reported here aims to fill this gap
in the literature.
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Chapter 3: Thermodynamic Analysis
We start by considering the key thermodynamic aspects of the Sabatier reaction which is
at the heart of this process to produce RNG from biogas. The main objective of performing the
thermodynamic analysis of a particular chemical process is to determine the optimal conditions
and feasibility of the operation. Due to the high temperatures and pressures involved the reaction
is expected to approach equilibrium and therefore the results from the thermodynamic studies can
shed light on the achievable conversion and yield of products. This can lead to a better
understanding of the operation’s overall performance and help in recognizing the sources that may
lead to losses due to irreversibility in the production facility.
This analysis was performed considering the effect of varying H2:CO2 ratio in the feed as
well as impurities such as N2 and O2 that are usually present in biogas or LFG. The feed considered
herein is devoid of other impurities such as H2S and siloxanes as the LFG is assumed to be
scrubbed before the methanation step.
3.1 Methodology
In order to determine the feasible temperature and pressure conditions for the reaction, a
RGIBBS reactor model on Aspen Plus was studied. Results from previous studies15,18,19,22,34,35 have
shown that a CO2 and H2 ratio of 1:4 is most feasible in terms of maximum CO2 conversion and
CH4 yield for the Sabatier reaction. The Gibbs reactor model (RGibbs) in Aspen Plus provides the
equilibrium compositions of the components present in the reactor feed stream under a specified
temperature and pressure condition. This is obtained by the minimization of the Gibbs free energy.
The components considered in feed are CO2, CH4, H2, N2 and O2 which are the typical components
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present in Landfill Gas (LFG).36 CO and C (graphitic) in addition to the components stated earlier
was allowed as products. An average flow of 2500 scfm of LFG to the reactor was assumed. The
composition of LFG considered were average values of the percentages of each component
present. The feed ratio of H2:CO2 was varied from 3.5:1 to 4.2:1 to study the effect of varying
ratios on the product composition, CO2 and H2 conversion (table 3.2). The base case feed
composition of LFG used (and 4:1 H2:CO2 ratio) used in this study is shown in table 3.1.

Table 3.1: Composition of feed stream to RGibbs reactor (base case).
Components

Volumetric Flow

Molar flow rate

Mole fractions

(scfm)

(kmol/min)

CH4

1350

1.566

0.203

CO2

1037.5

1.204

0.156

N2

87.5

0.101

0.013

H2

4150

4.8

0.624

O2

25

0.029

0.004

This is a theoretical study and therefore we have not considered catalyst, the transport
process, and the kinetics. However, we will analyze these results to get a better understanding of
the process. Also, the formation of CO and C was observed to be too low to be reported.
3.2 Temperature Sensitivity Analysis
First, we conducted a temperature sensitivity analysis to investigate the effect of
temperature on the Sabatier reaction. The CO2 conversion, CH4 selectivity and the H2 conversion
as a function of temperature was studied to determine the feasible operating region for the RNG
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production facility. The temperature range selected for this study was 250-500oC. This specific
temperature range was selected for ease of comparing the results with existing literature.32
3.3 Pressure Sensitivity Analysis
A pressure sensitivity analysis was conducted to understand the effect of increasing
pressure on the reaction. The CO2 conversion, CH4 selectivity as a function of pressure will be
analyzed to determine the feasible operating temperature for the RNG production facility. We have
studied a pressure range of 1-30 bar which is in accordance with the typical operating conditions
investigated in literature.35 The CO2 and H2 conversions under each condition was calculated as:
𝐶𝑂2 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛(%) =

𝐻2 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 (%) =

𝑀𝑜𝑙𝑒𝑠 𝑜𝑓 𝐶𝑂2 𝑖𝑛 − 𝑀𝑜𝑙𝑒𝑠 𝑜𝑓 𝐶𝑂2 𝑜𝑢𝑡
∗ 100 (%)
𝑀𝑜𝑙𝑒𝑠 𝑜𝑓 𝐶𝑂2 𝑖𝑛

𝑀𝑜𝑙𝑒𝑠 𝑜𝑓 𝐻2 𝑖𝑛 − 𝑀𝑜𝑙𝑒𝑠 𝑜𝑓 𝐻2 𝑜𝑢𝑡
∗ 100(%)
𝑀𝑜𝑙𝑒𝑠 𝑜𝑓 𝐻2 𝑖𝑛

(2)

(3)

3.4 Results and Discussion
The figure 3.1 below shows that the CO2 conversions decrease with the increase in
temperature from 250oC-500oC. These results are expected as the Sabatier reaction is exothermic
in nature. The equilibrium CO2 conversion at 300oC was 96.2%. On the other hand, the opposite
trend was observed when the pressure was increased from 5 bar to 50 bar. The reported equilibrium
CO2 conversions varied from 95% at 5 bar to 97.5% at 50 bar. These results are in good agreement
with the reported values in literature.5 Figure 3.2 depicts the CO2 conversions within the
temperature range of 250-500oC at constant pressures varying from 5 bar to 30 bar. The results
shown in figure 3.2 play an important role in deciding the temperature considered for modeling
the process. We clearly saw that at temperatures greater than 300oC, the CO2 conversions
decreased considerably. The CO2 conversion at pressures 10 bar, 15bar, 20 bar, 25 bar, and 30 bar
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ranged from 96.6% to 97.2%. A process operating a very high pressure is capital intensive, and
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therefore these results helped in deciding feasible process conditions.
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Figure 3.1: CO2 conversions vs temperature.
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Figure 3.2: CO2 conversion as a function of pressure.
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Figure 3.3: CO2 conversion as a function of temperature(oC) at constant pressures.

The natural gas pipeline operates in a typical pressure range of 200 psi(13.7 bar) to 1500
psi (103.4 bar).37 It is economically feasible to operate in a lower pressure range to lower the
number of compressors required. Considering the fact that the increase in CO2 conversions is not
very significant in between 10-20 bar, we have chosen 10 bar and 300oC as the pressure and
temperature conditions for further analysis.
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Figure 3.4: H2 conversion as function of temperature at constant pressures.

The figure 3.4 as shown represents the H2 conversion as a function of temperature at
constant pressures between 5 bar-30 bar.
The effect of varying the H2:CO2 ratio in feed was noted. The CO2 and H2 conversions at
3.5:1 H2:CO2 ratio were 84.78% and 98.13% respectively. The unconverted CO2 present in the
product stream is too high to meet the pipeline specifications. Further the CO2 conversion increases
when the hydrogen present in the feed is increased. Simultaneously, the H2 conversions decrease
(when the H2 in feed was increased) and the concentration of the H2 present in the product stream
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increases. The results of the effect of varying H2:CO2 in the feed on the conversions and dry
product composition has been summarized in the table 3.2 below.

H2: CO2

Table 3.2: Effect of H2:CO2 ratio on the dry product composition.
CO2 conversion
H2 conversion
Dry product composition (in mole
(%)

(%)

fraction)
CH4/H2/CO2/N2

3.5:1

84.78

98.13

0.8749/0.027/0.0623/0.034

3.6:1

87.22

98

0.883/0.0289/0.0525/0.034

3.7:1

89.4

97.8

0.8907/0.0314/0.0428/0.034

3.8:1

91.8

97.9

0.8978/0.0336/0.0333/0.034

3.9:1

94.19

97.6

0.9037/0.037/0.0240/0.0388

4:1

96.19

97.4

0.9077/0.04205/0.01526/0.0336

4.1:1

98.12

96.9

0.9073/0.0506/0.0074/0.0333

4.2:1

99.43

95.86

89.58/0.06814/0.0022/0.0327

The highest methane content was observed when the H2: CO2 ratio was 4:1. The dry
product composition plays a crucial role in deciding the feed composition that was used further
for simulating the RNG production on Aspen Plus. The amount of CO2 allowable in the existing
pipelines is 0.02 mole fraction.33 As the H2 ratio in the feed is lowered, we fail to meet this
specification in the product stream. The natural gas pipeline specifications33 allow the minimal
amount of hydrogen (<0.02 mole fraction) to be present as it has a corroding effect on the pipelines
that exist currently. The excess hydrogen in the product may be recovered and compressed and
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recycled back to the reactor to increase the methane purity in the dry product stream. Also, in 4:1
H2:CO2 feed ratio, the CO2 remaining unconverted is not within the pipeline specifications.
Therefore, the recycled H2 helps in increasing the CO2 conversions thereby meeting the pipeline
specifications. There is a possibility to set up a CO2 recovery unit at the end, but that would lead
to carbon losses.
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Chapter 4: Process Description
The primary feedstock considered herein is biogas from biomass, sewage treatment plants
or from landfills. LFG contains about 45-50% CO2 and 50-55% CH4 in composition which also
the product in this process. Converting the lower amount of CO2 present in LFG to methane
directly would increase the yield of RNG but at the expense of feed hydrogen costs and conversion
expenses.
According LMOP the average LFG collected in a landfill is about 2400 scfm.366 We assume
an LFG of 2500 scfm for our RNG production facility that we have modeled using Aspen Plus. It
is also assumed that the LFG has been scrubbed to get rid of impurities such as moisture, siloxanes
and sulfur containing compounds before entering the process. The H2 is assumed to be obtained
from electrolysis of water and its production process has not been considered while modeling.
This thermochemical conversion (Sabatier reaction) involves the compression and
preheating of the feed stream before it enters the reactor. After the reaction occurs in the Sabatier
reactor, the product contains a significant amount of water and unreacted hydrogen that needs to
be removed and recycled respectively. The final product of this process is RNG that meets the NG
pipeline specifications33 for being injected into existing NG pipelines or for being utilized for other
end uses.
4.1 Composition of Landfill Gas and H2 Used for Modeling RNG Facility on Aspen Plus
It has been noted that Landfills are the third largest contributor to methane emissions
produced by the U.S in 2019. According to the LMOP handbook,36 LFG consists of about 50-55%
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CH4, 45-50% CO2 and 2-5% N2 by volume. An average value of all the components stated earlier
has been used for our model when a 2500 scfm LFG feed stream is used for the study. A 4:1 ratio
of H2:CO2 has been considered for this study.

Table 4.1: Composition by volume of each component in landfill gas.
Component

Percentage by Volume

CH4

52.5

CO2

47.5

N2

3.5

O2

1

4.2 Thermodynamic Property Selection
It is important that we perform a review before selecting the thermodynamic model on
Aspen Plus. According to the Aspen Plus guide, one property method can provide more realistic
results than another for certain processes. For instance, we are aware that oil and gas processing
systems are analyzed using the Peng-Robinson or SRK methods. These systems consist of nonpolar to slightly polar mixtures- hydrocarbons, light gases such as CO2, N2, CH4, O2 etc.38 For
modeling the RNG production facility, we have used the SRK property method.
4.3 Selected Approach for Modeling RNG Production on Aspen Plus
4.3.1 Simplified Block Flow Diagram of the Process
The figure 4.1 shows the simplified block flow diagram of the RNG production process
that was modeled on Aspen Plus V11.
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Figure 4.1: Simplified block diagram of the RNG production process.

As shown in the process block diagram (figure 4.1), it consists of the following major steps
that we discussed earlier:
1. Feed compression
2. Feed preheating
3. Reactor
4. Product upgrading (post reaction cooling)
5. Removal of water
6. H2 recovery
4.4 Process Description
4.4.1 Feed Compression
The first step of the process involves compressing the feed stream containing LFG and H2.
This is done in two stages with an interstage cooler that cools the outlet stream from the first
compressor to 50oC. According to the heuristics,39 the maximum stream outlet temperature from a
compressor is ~200oC. This specification is not met if the compression is done in a single stage.
The second compressor compresses the feed stream to 10 bars.
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4.4.2 Feed Preheating
The feed after compression, was preheated up to 300oC in two stages using heaters. The
heating requirement of the first heater was met by the heat duty of the Sabatier reactor where the
methanation reaction occurs. The heat requirements of the second heater were met utilizing the
heat of the reactor outlet stream.
4.4.3 Reaction
𝑜
𝐶𝑂2 + 4𝐻2 < −> 𝐶𝐻4 + 2𝐻2 𝑂; ∆𝐻298
= −164.9

𝑘𝐽
𝑚𝑜𝑙

(4)

The above reaction takes place in the methanation reactor. One of the main challenges
faced while designing the reactor for the Sabatier reactor is the tackling the highly exothermic
nature of the reaction. Due to the excess heat, there might be formation of hotspots followed by
catalyst deactivation thereby hampering the product formation. This discrepancy must be taken
care of while designing the reactor for the reaction.
A single-pass Sabatier reactor is used where there CO2 hydrogenation reaction occurs. This
is an exothermic reaction, and the main products of this reaction is water and methane. The reactor
is assumed to be maintained under isothermal conditions using a water jacket which produces high
pressure steam. This steam is later used for producing electricity. Assuming that 25% heat recovery
from the reactor , the heat recovered was 809 kW. The CO2 conversion
4.4.4 Post Reaction Cooling
As stated earlier, the Sabatier reaction produces 2 moles of water for every mole of CO 2
reacted with H2. Thus, there is a large amount of water content in the reactor outlet stream. The
NG pipeline specification require the temperature of the gas stream to be less than 120-130oF. The
post reactor cooling was done in 5 stages. The reactor outlet, after meeting the heating
requirements of the second reactor is at 267oC. The cooling if done in a single or double stage
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would require very large heat exchange areas and large amount of cooling water. Thus, this is done
in 5 stages. In the final cooling stage, the stream is cooled to 5oC, to remove the maximum possible
amount of moisture from the gas stream. The cooling stages therefore cools that reactor outlet
stream where the water condenses completely and is further removed. Part of the water produced
used as cooling water makeup stream. The rest can be recycled back to the H2 electrolysis (not
modeled in the analysis).
4.4.5 Water Removal
The condensed water is removed in this stage. This step is modeled using a Flash drum on
Aspen Plus operating at 5oC and 8bar pressure. The flash drum operates in the same temperature
and pressure conditions as in outlet stream from the final post reaction cooling stage.
4.4.6 H2 Separation
From the thermodynamic analysis of the Sabatier reaction results, it was observed that there
is a significant amount of H2 that remains unreacted in the Sabatier reactor. A membrane unit40 is
used to recover the unreacted H2 and recycle it back into the reactor feed. The remaining unreacted
H2 about 10kg/hr is compressed and recycled back into the reactor. The cost of H2 is one of the
major costs that adds to the manufacturing expenses. This step thus helps in reducing the hydrogen
requirement. The RNG production facility process flow diagram on Aspen Plus interface is shown
in the figure 4.2 below.
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Figure 4.2: The process flow diagram of RNG production on Aspen Plus V11 interface.
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4.5 Model Results
CO2 conversion, and the product RNG composition are the parameters used to check the
inconsistencies between the proposed process results and other models studied in the literature.
The CO2 conversions will provide us with an idea with the amount of unreacted CO2 in the output
stream. The CO2 conversion from the Aspen Model results is 97.6%. The product RNG
composition from our model will predict if it meets the pipeline Natural Gas specification so that
we may successfully reduce our reliance on Natural Gas and reducing its usage.
The table 4.2 below represents the composition of the RNG from the proposed Aspen
Model. A comparison has been drawn between the Natural Gas composition in pipelines to check
if the molar composition of the product RNG is as per the allowances in Natural Gas pipelines.34

Table 4.2: Comparison of mole composition of product RNG.
Component
Mole (%) from Aspen Plus
Typical mole (%) range34
Model results
CH4

95.7

87-96

N2

3.48

1.3-5.6

O2

0

0.01-0.1

CO2

0.9

0.1-1

As shown in the table 4.2, the molar composition of product RNG from our proposed Aspen
Plus model are in good agreement with the simulation results as reported in the literature survey
performed.
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4.5.1 Heat Integration
4.5.1.1 Heating and Cooling Requirements
The heat duties of each equipment were mentioned in Chapter 6. The table 4.3 below
summarizes the cooling water required for each of the coolers used.

Table 4.3: Cooling water requirements.
Cooler
Cooling water(kg/s)
E-101

1.02

E-104

0.98

E-105

2.6

E-106

6.67

E-107

2.32

E-108 was modeled separately on Aspen Plus and utilities requirements and cost of
refrigerant was taken from the Economic Analysis result reported. The heat duty from the Aspen
Plus model is 194 kW.
4.5.1.2 Current Heat Integration Scheme
There are a lot of cooling and heating that occurs throughout the RNG production. The heat
transfer depends on the phase of the stream, which has been considered while preparing the heat
integration scheme. Through this we were able to address the heat requirement of the feed preheater. Multiple heat recovery systems were studied to analyze the possible savings in the entire
process. In the figure 4.2, we have utilized the heat of the reactor output stream to meet the heating
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requirements of the pre-heater E-103. The heat requirement of the pre-heater E-102 is also met by
the excess heat produced by the reactor R-101.
After meeting the heating requirements of the feed preheaters, the remaining excess heat
of the reactor is utilized to produce steam for electricity generation(not modeled in the
analysis).The following schemes illustrate the temperature, pressure conditions and the flow rates
of the input and output streams into the reactor, flash drum. The stream results from the Aspen
Plus model has been shown in Appendix D.

Figure 4.3: Overall mass balance and energy content of the process.

4.6 Alternate RNG Production Scheme
4.6.1 RNG Production by CO2 Removal
RNG production by partial removal of CO2 in the feed followed by the Sabatier reaction
was studied to assess its effect on the product molar concentrations. This process was modeled on
Aspen Plus V11 depicted by figure 4.4. In the separation process, CO2 was removed partially (on
a percentage volume basis) followed by the Sabatier reaction in the RGibbs reactor and water
separation in the flash drum. The temperature and pressure of the feed, reactor and the water
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separation process were maintained constant as in the prior studied scheme. Four different
scenarios of CO2 removal were considered where 5,10,15 and 20 (% by volume were removed)
(and H2:CO2 ratio of 4:1 for all the scenarios were maintained) before the reaction stage followed
by water removal.

Figure 4.4: RNG production by partial CO2 removal.

4.6.1.1 Results and Discussion

% CO2
removed

Table 4.4: RNG product composition from partial CO2 separation.
CO2
H2 required in
Product specs (mole frac)
remaining

kmol/hr

CH4/CO2/H2/N2/O2/H2O

after removal

(maintaining 4:1

(kmol/hr)

H2:CO2) ratio

5

73.52

294.08

0.9049/0.0156/0.0433/0.0345/0/0.001

10

69.65

278.6

0.905/0.0155/0.0425/0.0354/0/0.001

15

65.77

263.08

0.905/0.0155/0.041/0.036/0/0.001

20

61.91

247.64

0.9055/0.0154/0.041/0.037/0/0.001
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From the thermodynamic analysis supported by literature; it can be suggested that H2:CO2
ratio of 4:1 in the feed gave the highest CO2 conversion. We maintained the same ratios for all the
scenarios and the product. We noticed that the CO2 removal process did not enhance the mole
fraction of CH4 in the product significantly. Though the pipeline specifications were met (when
H2 separation and recycled was considered as well), the methane content in the product is a
determining factor for the production cost of RNG. In addition, due to the CO2 removal step, the
C-footprint of the overall RNG production process increases (which is not desirable). Furthermore,
parameters such as regeneration associated with the CO2 removal step are deciding factors
determining the efficiency, quality of the produced RNG.
4.7 Effect of Varying CO2:CH4 in RNG
LFG roughly constitutes mainly about 50-55% CH4 and 45-50% CO2 (other constituents
being N2, O2, and impurities such as H2S, siloxanes etc. being present). There are many other
studies that have reported higher percentages of CH4 in their feed- as high as 60-70%.
Herein, we studied the effect of varying CO2 to CH4 ratios in the LFG feed considered for
our study. A varying range of 1.9:1 to 1:1 ratio was considered to assess the product RNG
composition resulting from this process.
4.7.1 Model
The model was developed on Aspen Plus (V11) as shown in figure 4.5. The process is similar
consisting of the feed (LFG and H2) entering the reactor, where the Sabatier reaction occurs.
Temperature and pressure conditions of the feed stream, reactor, flash drum is consistent with the
conditions used earlier. The H2: CO2 ratio was also maintained to be 4:1.

38

Figure 4.5: RNG production by varying CH4:CO2 ratios.

4.7.2 Results and Discussion

Table 4.5: Effect of varying CH4:CO2 ratios on product RNG composition.
CH4: CO2
H2: CO2
Product mole fractions
H2/CO2/CH4/H2O/N2/O2
1:1

4:1

0.008/0.0167/0.938/0.002/0.035/0

1.1:1

4:1

0.007/0.0164/0.9386/0.0019/0.035/0

1.2:1

4:1

0.0076/0.0161/0.9392/0.0019/0.035/0

1.3:1

4:1

0.0071/0.0158/0.9397/0.0019/0.035/0

1.4:1

4:1

0.0072/0.0155/0.9401/0.0019/0.035/0

1.5:1

4:1

0.0070/0.0152/0.9406/0.0199/0.035/0

1.6:1

4:1

0.0068/0.0152/0.9410/0.0198/0.035/0

1.7:1

4:1

0.0067/0.0148/0.9414/0.0198/0.035/0
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1.8:1

Table 4.5: (Continued).
4:1
0.0065/0.0146/0.9417/0.0198/0.035/0

1.9:1

4:1

0.0064/0.0144/0.9421/0.0198/0.035/0

Realistically, the CH4:CO2 ratio in LFG varies between 1-1.3. At these compositions, our
results show that the RNG product from the proposed process contains about 94 mol% CH4 which
meets the pipeline specifications. N2 levels in LFG occurs due to air leaking into the landfills and
those having N2 levels more that the allowable specifications require technologies to remove it.
Furthermore, the results showed that with higher CH4:CO2 ratio, the methane mole fraction in the
product RNG increases. Also, the CO2 concentration decreased in the product RNG as due to
higher conversion of CO2 during the reaction. This product composition also meets the pipeline
specifications that requires <0.02 mole fraction of H2 in the RNG product. Though this requirement
varies w.r.t. the RNG utilization, we have considered the specifications according to the existing
NG pipeline distribution infrastructure.
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Chapter 5: Economic Analysis
An economic analysis of the process was done using CAPCOST.41 The preliminary
analysis was performed to estimate the capital investments required, manufacturing cost and the
estimated selling price of the product RNG. A sensitivity analysis was also conducted to determine
the effect of the sensitivity variable towards to product pricing of RNG.
The chemical engineering plant cost index (CEPCI)42 used for our study is 637.9 (February
2021). This CEPCI is used for determining the bare module costs for the equipments. The auxiliary
costs and fees relating to the site development, off-site infrastructure and utilities have also been
considered which are considered to be 50% of the total bare module cost of equipments (obtained
from CAPCOST). The Fixed capital cost (FCI), Total Capital investment (TCI), Manufacturing
costs (without depreciation) have been determined using Turton et. al.39 The summary of
assumptions for the economic analysis is stated in Table 5.1.

Table 5.1: Summary of assumptions for economic analysis
Project Life (Years after startup)
15
Construction period

2

Annual interest rate

15%

Working Capital

15% FCI

Land Cost

2% FCI

CEPCI (2021)

637.9
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Figure 5.1: Process flow diagram of RNG production.

For the equipment sizing and costing, all the equipments used in the Aspen Plus model
were used and their estimated bare module costs were obtained from CAPCOST.
5.1 Raw Material Cost
The raw materials include H2, LFG used for the RNG production. The cost of raw materials
has been enlisted in the table 5.2 below.

Table 5.2: Raw materials cost breakdown.
Raw material
Cost (million $)/ yr
H2

23.4

LFG

0.003

This shows that the cost of hydrogen is the dominant factor, and the LFG cost is almost
negligible in comparison.
5.2 Utilities Cost
The utilities used in the process include electricity, cooling water and refrigerant. The
amount of electricity generated from steam has been accounted for. The cooling water cost has
42

been accounted for based on the cooling water requirements stated earlier Chapter 4. The cost
breakdown is enlisted in the table 5.3 below.

Table 5.3: Utilities cost breakdown.
Utilities
Cost (million $)
Electricity

0.231

Cooling water

0.057

Refrigerant

0.007

5.3 Equipment Sizing and Costing
5.3.1 Compressors (C-101 and C-102)
The fluid power of the compressors was obtained from Aspen Plus in terms of the work
required (in kW). As stated earlier, the reactor feed compression is done in two stages- the first
stage compresses the feed stream to 4 bar, and the second stage compresses it to 10 bar. For costing
the compressors on CAPCOST, the material of construction was assumed to be Carbon-steel and
the type of compressor was selected as a reciprocating pump. Multi-stage reciprocating
compressors are generally used for compressing H2. They are used for compressing landfill gas as
well.43 The heuristics in Turton et Al.,39 have been followed for estimating the compressor
efficiencies. An isentropic efficiency of 75% have been used for both the compressors. The details
for costing the compressors are summarized in the table 5.4 below.

Table 5.4: Costing parameters for compressors.
Compressors
Fluid Power(kW)
Material of construction
C-101

698.3

Carbon-steel

43

C-102

Table 5.4: (Continued).
505.8

C-103

0.5

Carbon-steel
Carbon-steel

5.3.2 Feed Preheaters
A total of two preheaters were used to heat the feed stream to the reactor while considering
a pressure drop of 6 psi in each stage.. This was done in two stages up to 300oC. For sizing the
preheater(E-102), the heat transfer coefficients specific to corresponding phases (0.03 kW/m2.oC)
were used.39 It is to be noted that the gas-to-gas heat transfer coefficient is much lower than liquidto-gas heat transfer coefficient. These values were chosen very carefully to determine the heat
exchange areas of the heaters.
The heat exchanger area was calculated as:
𝐴=

𝑄
𝐿𝑀𝑇𝐷 ∗ 𝑈

(5)

where A is the total heat exchange area in m2, LMTD is the Log Mean Temperature Difference in
o

C, and U is the heat exchange area in kW/m2.oC. A minimum temperature approach of 20oC was

used.
The preheater(E-102) was sized as shell and tube heat exchangers. The heat duty of the
preheater(E-102) was obtained from Aspen model results. The heat from the reactor outlet has
been utilized for heating the feed stream in preheater E-103. This reduces the heat requirements
over the overall process. For the feed preheater E-103, the heat exchange area and heat duty were
obtained directly from the Aspen model. The heat exchange area of the preheaters has been
summarized in the table 5.5.
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Table 5.5: Details of calculated heat exchange area of the feed preheaters using heat duty from
Aspen Plus results.
Feed preheater
Heat duty, Q(kW)
Heat exchange area(m2)
E-102

362.8

623.7

E-103

231.9

13.09

5.3.3 Reactor (R-101)
The Sabatier reactor was sized and costed as a Shell and Tube heat exchanger. The pressure
drop considered was 15 psi in the Aspen Plus model. The heat duty was obtained from the RGibbs
model on Aspen Plus. The tube side consists of the catalyst packed bed where the exothermic
methanation reaction takes place. On the shell side, steam is formed utilizing the heat from the
exothermic reaction. High pressure steam (254oC, 41.4 barg) was formed for generating electricity
to meet the electricity requirements of the production facility. The material of construction for the
shell and tube heat exchanger while costing using CAPCOST(2017)41 was assumed to be stainless
steel. The total heat exchange area was calculated to be 474.2 m2.
5.3.3.1 Reactor Sizing Calculations
According to the heuristics for heat exchangers, the standard tubes have an outer diameter
of 1.9 cm, and length 4.9m.
The total number of tubes calculated were 1623.
From literature,19,20 the gas hourly space velocity was 11000 ml/g.h i.e. 0.388 ft3/g.h and
the total volume of feed to the reactor was 8.541*104 ft3/h.
Therefore, the total amount of catalyst was 220.13 kg. It is considered that the catalyst is
replaced every year. The cost of purchasing the catalyst is very less and discussed in Appendix E.
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5.3.4 Coolers
A total of 6 coolers were used for the production process. The first cooler(E-101) was used
to cool the outlet from compressor C-101 to 50oC. The remaining coolers were used to cool down
the reactor outlet streams to condense the water formed during the Sabatier reaction. A total of 5
coolers were for the post reaction cooling step to cool the stream to 5oC. A pressure drop of 6 psi
was considered for each cooling stage. The coolers were sized and costed similarly as shell and
tube heat exchangers. The table 5.6 below shows a summary of the specifications of the coolers
used. The heat transfer co-efficient used for the calculation was 0.06 kW/m2.oC. The heat duties
were obtained from the Aspen model results.

Table 5.6: The specifications used for cooling the reactor outlet stream (from Aspen Plus model)
and corresponding calculated heat exchange areas of the coolers used.
Cooler
Inlet
Outlet
Shell/Tube
Heat
Heat
#

Temperature(oC) Temperature(oC)

Side

duty,

transfer

Pressure(bar)

Q(kW)

area(m2)

E-101

189

50

4/1

-595.8

197.7

E-104

267

210

9/1

-219.13

19.38

E-105

210

130

9/1

-871.1

264.9

E-106

130

100

9/1

-837.38

180.6

E-107

100

40

8/1

-582.041

367.5

E-108

40

5

8/1

-192.14

229.1
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5.3.5 Flash Drum
A flash drum was used after cooling the stream to 5oC to remove the water formed during
the reaction. A pressure drop of 2 psi was considered for this step.
5.3.5.1 Flash Drum Sizing Calculations
The residence time according to heuristics in Turton et. Al.,39 is 2-4 min. We have used an
average residence time of 3 min i.e., 0.05 h. According to heuristics for vessels on Turton et al, the
ideal length to diameter ratio is 3.Thus, the calculated radius is 0.03 m, and length is 0.9m.
5.3.6 H2 Separation Unit
The H2 recovery costs are available from the literature. We have determined the cost of the
unit of desired capacity using the six-tenths rule.39 The capacity of the unit used in literature is 25
kg/day and the capital cost for the unit is 0.2 M$(CA).40 The cost of the unit is based on a capacity
of 230 kg/day (based on Aspen results).
𝐶𝐵
𝑆𝐵 0.6
=( )
𝐶𝐴
𝑆𝐴

(6)

240 0.6
) = 0.7573 𝑀$
=> 𝐶𝐵 = 200,000 ∗ (
25
where, SB: Separation unit cost of desired capacity (SB: 230 kg/day) , and SA: Separation unit cost
of initial capacity (SA:25 kg/day)
5.4 Manufacturing Costs
The day-to-day cost of functioning and the required capital investments of the entire
process plant are some of the important factors that regulate the feasibility of a chemical process.
This section details the methodologies of calculation, enlists the factors that affect the
manufacturing costs of RNG.
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5.4.1 Cost of Operating Labor
The number of operation steps (Noperation) including compression, heating, reaction, cooling
and separation for entire facility is 14.N𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔𝑙𝑎𝑏𝑜𝑟 = (6.23 + 0.23 ∗ 14)0.25 = 1.75 ,where
Noperation=14.The number of operators (Noperating_labor) hired for handling operations per shift is
1.75.It is considered that the plant operates for 350 days/y i.e., 8400 hours per year. Total operators
= 4.5 * 1.75 = 7.88 (rounding to 8 operators). The mean annual wage for plant and system operators
(as on 2020) is $58,960 yearly.44 Therefore, the total annual cost of operating labor is 8*58,960 =
$455,680.
5.4.2 Utilities and Raw Materials Cost
The utilities required for ensuring uninterrupted operation of the facility includes
electricity, cooling water (30oC) and a refrigerant that is required to cool down the reactor outlet
stream for condensing and separating the water formed. The electricity is required to power the
compressors and process water generates high pressure steam in the reactor shell side which is
utilized to generate electricity. The cost of cooling water used for our calculations is $14.8/1000m3
and the cost of refrigerant is estimated to be $7,098(obtained from Aspen Plus results). The
electricity prices for industrial usage according to Environmental Impact Assessment (EIA) as of
July ’21 is 7.17 cents/kWh.45 The cost of process water that is used for generating steam was
considered as $0.067 per 1000 kg. From Turton et. al.,39 the cost of disposing the catalyst is
$36/ton. It is assumed roughly 25% of the heat from the reactor is recovered that is utilized to
generate electricity. The net electricity required for the process is thereby reduced considerably.
The cost of raw material is mostly due to purchasing H2 for our process and an average
cost of $5/kg is used for our calculations.46 The landfill gas used for our process is scrubbed and
most impurities such as moisture content, H2S is removed prior. This cost is accounted for by
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considering that the scrubbed landfill gas is purchased at half the current price of Natural Gas.47
The current selling price of natural gas is $4.14/1000ft3.47 The cost of purchasing the catalyst has
not been considered in this study. The utility prices used has been summarized in the table 5.7
below.

Table 5.7: Cost assumptions used for calculating the cost of utilities and raw materials for the
plant operation.
Utility/Raw material
Cost
Cooling water

$14.8/1000 m3

Refrigerant

$7098

Process water

0.06/1000 kg

Electricity

$0.07/kWh

H2

$5/kg

NG

$4.14/1000 ft3

To calculate the cost of manufacturing (COM), the following equation was used:
𝐶𝑂𝑀 = 0.18 ∗ 𝐹𝐶𝐼 + 2.73 ∗ 𝐶𝑂𝐿 + 1.23 ∗ (𝐶𝑈𝑇 + 𝐶𝑊𝑇 + 𝐶𝑅𝑀 )

(7)

where, FCI is Fixed Capital Cost, COL is the cost of operating labor, CUT is the cost of utilities,
CWT is the cost of waste treatment, CRM is the cost of raw materials for the process.
5.5 Economic Analysis Results
While calculating the total capital investment (TCI) of the plant, the parameters included
were- fixed capital investment (FCI), land cost and working capital. It has been stated earlier that
CAPCOST was used to obtain most of the equipments bare module costs. The table 5.8 below
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summarizes the breakdown of the bare module costs, FCI and TCI required for setting up the plant.
The detailed costs from CAPCOST were shown in APPENDIX C.

Table 5.8: Bare module cost of each equipments used for operation, fixed capital investment,
total capital investment and cost of manufacturing.
Unit
Cost (M$)
C-101

0.341

C-102

0.265

C-103

0.002

E-101

0.164

E-102

0.302

E-103

0.082

E-104

0.085

E-105

0.188

E-106

0.158

E-107

0.222

E-108

0.175

E-108

0.175

R-101

0.278

V-101

0.27

V-102

0.757

Total Bare Module Cost

3.966

Contingency cost and fees

0.718

Auxiliary cost

1.841
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Table 5.8: (Continued).
Fixed Capital Cost (FCI)

7.395

Land Cost

0.148

Working Capital

1.109

Total Capital Investment (TCI)

8.652

The cost of waste treatment is not considered herein since the cost of disposal of catalyst
and refrigerant is only $350.8 per year. The total RNG produced yearly is 1.16*106 MMBtu. The
projected RNG manufacturing cost is $27.15/MMBtu.
The figure 5.2 below illustrates the equipments cost breakdown. A major investment is due
to the H2 separation unit that constitutes about 25% of the cost. The heat exchangers contribute to
about 37% of the cost. The heat exchangers include all the coolers and the heaters used in the
process. The reactor, as stated earlier was costed as a shell and tube heat exchanger and contributes
to 9% of the cost.

9%

20%

25%

Compressors
Heat Exchangers
Flash Drum

9%

37%

Hydrogen Separation unit
Reactor

Figure 5.2: The equipment cost breakdown.
51

utilities
1%

Maintenance
2%

Operating Labor
2%

Raw materials
95%

Raw materials

utilities

Operating Labor

Direct supervisory and clerical labor

Maintenance

Figure 5.3: Operating cost breakdown.

The figure 5.3 above shows the operating cost breakdown. The major contributing factor
is the raw materials (95%). This is due to high price of H2 purchase. The utilities, operating labor
cost, and maintenance contribute only 1% ,2%, and 2% respectively of the COM. A sensitivity
analysis was carried out to determine the effect of H2 cost on the manufacturing cost of RNG.
5.6 Product Pricing
The composition of the product RNG has shown to have an acceptable agreement with the
NG specifications for pipelines used in the U.S.33 The calculated cost of RNG is $27.15/MMBtu.
A graphical representation (figure 5.4) of the cost comparison with the cost of production of RNG21
that was estimated to $38.8/MMBtu using CO2 captured from a power plant and H2 from water
electrolysis. The cost of production of renewable natural gas (RNG) from the proposed process is
lower than that shown in the figure.
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45
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$/MMBtu

30

27.15
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15
10
5
0
RNG cost of current production

RNG cost from methanation of
captured carbon

Cost comparison
Figure 5.4: RNG cost comparison. Note that the cost of RNG ($38.8/MMBtu) for comparison
was reported by Becker et Al.21

5.7 Carbon and Energy Recovery
The carbon balance and energy recovery of the system calculations performed. The carbon
recovery in the RNG stream is 98.97%. The remaining carbon is lost in the water separation and
H2 recovery steps. The energy recovered in the product stream is 88%.
5.8 Sensitivity Analysis
For the purpose of this study, two parameters were considered for performing the
sensitivity analysis. One being the cost of H2 which is one of the major contributors to the cost of
manufacturing and the other being the cost of electricity.
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The H2 price range considered herein was $1-$6/kg and the cost of electricity considered
was $0.03-$0.06/kWh. The results of this analysis have been shown in the figures 5.5 and 5.7
below.

RNG price in $/MMBtu

$35.00

$32.08

$30.00
$27.15

$25.00
$22.22

$20.00
$17.30

$15.00
$12.37

$10.00

$7.54

$5.00
$$-

$1.00

$2.00 $3.00 $4.00
H2 price ($/kg)

$5.00

$6.00

Figure 5.5: Cost of RNG production as a function of H2 price.
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$26.64

$26.64
$26.62
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$26.58

$26.57

$26.56

0

0.02
0.04
0.06
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0.08

0.1

Figure 5.6: Cost of RNG as a function of electricity price.
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From extrapolating the results shown in Figure 5.5, when the price of hydrogen drops to $
0/kg, the production cost of RNG from the current proposed process is estimated to be $3/MMBtu.
In this scenario, the cost might be competitive with the current selling price of NG ($4/MMBtu).
We also studied the effect of the varying CH4/CO2 ratios on the cost of manufacturing of
RNG. The results of the same are shown in figure 5.7. We noticed that the price of RNG production
decreased with the increasing ratio. This was due to the reduced amount of H2 required for the
Sabatier reaction. These finding again indicate that the price of H2 plays a crucial role in
determining the economic feasibility of the process.

RNG price vs CH4/CO2 ratio

RNG price ($/MMBtu)

28.014
29
28
27
26
25
24
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24.05
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22.42 22.14

1

1.1

1.2

1.3

1.4
1.5
1.6
CH4/CO2 ratio

1.7

1.8

1.9

2

Figure 5.7: RNG price as a function of varying CH4/CO2 ratio.
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Chapter 6: Life Cycle Assessment of RNG Production
The objective of performing the LCA of the RNG production process is to determine the
resultant environmental impacts in terms of GWP (kg equivalent CO2).
One of the driving motivations of this research was to find a sustainable and green source
of fuel that can successfully replace our dependence on natural resources- in this case, Natural
Gas. The feedstock for RNG is derived from waste materials (municipal and other agricultural
wastes in landfills) and thereby this process significantly reduces the environmental impacts that
result from human activities. RNG that has the same purity standards as Natural Gas can be used
interchangeably in infrastructures that use NG,48 for example NG grids or can be directly injected
into NG pipelines. Here, we will thus look at the sustainability of the production process of RNG
by performing a Life-Cycle Assessment (LCA) of the entire facility.
6.1 LCA Assumptions
The LCA was performed using Simapro.49 The environmental impact factors assessed for
only the production facility- setting up of the infrastructure and its operation. The electricity used
for operating the plant was considered from two sources- renewably generated electricity (from
photovoltaics) and from grid. The impacts of these two-category electricity were assessed. The
scrubbed landfill gas was purchased, their production, transportation to the facility was not
accounted for. Also, the electricity generation unit was not considered within the boundary system
and therefore the emissions associated with it was not accounted for. The production of H2 from
water electrolysis was considered within the boundary system. The infrastructure includes all the
equipments- compressors, heaters, coolers , reactor, and separation vessels. The utilities and the
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materials that need to be disposed were also considered in the inventory. We have added NG as
the avoided product (the equivalent amount of fossil resource- NG that is not used /replaced while
producing equivalent quantity of RNG).
6.2 Functional Unit
For the ease of comparison of the environmental impacts of the RNG production process,
the functional unit used for this LCA was 1m3 of RNG produced.
Another case was considered where 1m3 of LFG was used to produce RNG versus 1m3 of
LFG flared.
6.3 Boundary System
The boundary of the system is defined for the production of RNG in the figure. A PEM
electrolysis unit was considered for the production of H2.50

Figure 6.1: The system boundary for the RNG production facility.
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6.4 Life Cycle Inventory
The inventory has been considered for the infrastructure, and operation raw materials and
utility requirements.
6.5 Impact Assessment
The main environmental impact that will be discussed as a result of this is process is the
Global Warming Potential(GWP). The method selected for the analysis was CML 2 baseline 2000,
World 1990.
6.6 Sustainability Analysis Results
The LCA analysis was performed for two electricity consumption scenarios- electricity
from solar energy and electricity from grid. For this case, we have also considered the H2
electrolysis unit within the system boundary. The results comparison is shown in the figure 6.2
below, including the breakdown of contribution towards the total GWP from the steps involved in
the production process. The inventory used on Simapro has been detailed in appendix B.

Current RNG production using electricity
from bituminous coal

Current RNG production using renewable
electricity(PV)

-2 -1.8-1.6-1.4-1.2 -1 -0.8-0.6-0.4-0.2 0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4 2.6
H2 separation

Compressors

Reactors, Heaters and Coolers

Electrolytic Hydrogen

Electricity

Avoided kg CO2

Figure 6.2: GWP breakdown for different electricity scenarios (FU 1m3 of RNG produced).
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The total GWP obtained of 2.6(kg equivalent of CO2) was reported for the process using
non-renewable electricity when equivalent amount of NG was added as avoided product. The RNG
production using electricity from solar energy reported a GWP of 0.61 (kg equivalent of CO2). The
highest amount of contribution towards GWP was from the electrolysis unit in both the electricity
scenarios studied. The emissions from the methanation reactor, compressors used, heaters and
coolers are negligible in comparison to the emissions from the electrolysis unit. The avoided NG
reduced the CO2 emissions by -1.84 kg equivalent. A reduction in emissions of 76.5% was obtained
while using renewable electricity.
A comparative study was performed for the production of 1m3 of Biomethane via High
Temperature Water Scrubbing (HTWS)(emissions associated only from the scrubbing unit) and
the current RNG production process modeled on Aspen Plus (not considering the LFG production
within our system boundary). The GWP reported for HTWS in the literature was 1.96 (kg
equivalent of CO2).29 The GWP from the RNG production was 0.61 kg equivalent of CO2 The
emissions associated with the catalyst used for the methanation step was not considered herein.
The figure 6.3 below summarizes the comparison.

Biomethane

RNG

-2.25 -2 -1.75-1.5-1.25 -1 -0.75-0.5-0.25 0 0.25 0.5 0.75 1 1.25 1.5 1.75 2 2.25

kg eq. CO2

avoided kg CO2

Figure 6.3: Comparison of GWP of RNG vs biomethane production (by CO2 removal)( FU 1m3
of biomethane/RNG produced).
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From the comparison in Figure 6.3, we observe that the current RNG production has
68.87% lower emissions that the HTWS biomethane production technique. The CO2 utilized in
the feed for methanation adds to the avoided amount of CO2 that is emitted from the RNG
production process.
Another scenario was considered where 1 m3 of LFG was studied for RNG production
versus flaring. The kg equivalent CO2 emitted from flaring 1m3 LFG is 3.16 kg CO2 whereas, for
RNG production -1.84 kg equivalent CO2 emissions can be avoided. The infrastructure emissions
for the flaring were not considered. And a flaring efficiency of 100% was considered. The results
are shown in figure 6.4. The emissions from the RNG production facility are higher than flaring.

3.5
3
2.5
2
1.5
1
0.5
0
-0.5

Flaring LFG

RNG production

-1
-1.5
-2
-2.5
kg CO2 equivalent

Avoided kg CO2 equivalent

Figure 6.4: Flaring 1m3 of LFG versus 1m3 LFG used for RNG production.
Note that the emissions from flaring LFG is often considered biogenic and does not receive and
credit for displacing the usage of fossil fuel (NG).
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Chapter 7: Summary, Conclusion, and Recommendations
In this research, we have studied the production of RNG from LFG. A process suggested
in the literature was modified and analyzed using Aspen Plus. Thermodynamic studies suggest the
range of temperatures and pressures suitable to achieve high conversion of H2 and CO2. By
judiciously choosing the feed H2, we can produce a product that meets specifications required for
pipeline injection of the product RNG. By comparison of the current production scheme with
alternate RNG production schemes, current RNG process provides the highest purity product
achievable that meets the required specifications. We have not considered the effect of impurities
in LFG. The process is heavily dependent on the cost of H2 that is purchased.
Through the technical and economic analysis performed, the product RNG price was
calculated to be about $27/MMBtu. The results from the sensitivity analysis reveals that the
product RNG price is heavily dependent on the purchase cost of H2. The price of H2 production
from electrolysis in the near future is projected to be as low as $1/kg. For this case, the
corresponding production price of RNG from our production technique will drop to about
$7/MMBtu. This technology is still not cost-competitive with the Natural Gas selling prices
currently (roughly $4/MMBtu). The price is expected to be competitive with the selling prices of
pipeline NG as the cost of H2 drops in the future. But, given the depleting natural gas reserves
throughout the world, this is an emerging technology that may be used as an alternative. In the
future, experiments may be conducted for the methanation step to study the kinetics of the reaction
using catalysts. This may be extended to perform to the life cycle assessment to include the catalyst
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used in the study. A detailed study may be conducted for the electrolysis unit to analyze the effect
of electricity cost on the production cost of H2.
From the LCA results, the GWP of the RNG production technique we have used is only
about 2.6 (non-renewable electricity) and the reported reduction in emissions was about 68%
(when renewable electricity is considered) in comparison to HTWS biogas upgrading to
biomethane. When renewable electricity is used instead of non-renewable electricity, nearly 76.5%
CO2 emissions can be avoided while producing RNG. This study may thus be extended to
determine the reduction in emission from a utilization point view. From the results of this study, it
can be predicted that the usage of RNG in comparison to NG will have significantly lower GWP
and emissions since the emissions in this case would be biogenic.
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Appendix A: List of Equipments Used in Aspen Plus Flowsheet
Table A.1: List of equipments.
Equipment #

Equipment

C-101

Compressor

C-102

Compressor

C-103

Compressor

E-101

Cooler

E-102

Heater

E-103

Heater

E-104

Cooler

E-105

Cooler

E-106

Cooler

E-107

Cooler

E-108

Cooler

V-101

Flash drum

V-102

H2 separator
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Appendix B: Calculations for Avoided Emissions
CH4 + 2O2 → CO2 + 2H2 O

(8)

For avoided emissions from NG production,
1 m3 RNG ∗ 0.671

kg 44 kg CO2
∗
= 1.84 kg CO2
m3 16 kg CH4

(9)

For LFG flaring,
1 m3 LFG ∗ 1.15

kg 44 kg CO2
∗
= 3.16 kg CO2
m3 16 kg CH4

(10)
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Appendix C: Equipment Costs on CAPCOST

.

Figure C.1: Screenshot of bare modules cost from CAPCOST 2017
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Appendix D: Stream Results

Stream

Table D.1: Stream results from Aspen Plus Model.
H2IN LFGIN
S3
S4
S5
S6

1

S1

Name
Temperature

25

25

25

189

50

169.74

250

300

1

1

1

4

3.79

10

9.8

9.8

288

174.04

462.06

462.06

462.06

462.06

462.06

462.06

117515 70792.1

188279

74073.8 54558.3 28364.7 34017.8 37275.1

(oC)
Pressure
(bar)
Total
(kmol/hr)
Total (l/hr)
Total

580.6

4912.76 5493.38 5493.38 5493.38 5493.38 5493.38 5493.38

(kg/hr)

Stream Name

Temperature

Table D.2: Stream results from Aspen Plus Model.
3
S2
4
5
6

S7

2

300

267

210

130

100

40

5

8.83

8.82

8.69

8.55

8.4

8.27

8.13

(oC)
Pressure
(bar)
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Total

Table D.2: (Continued)
5516.56
5516.56
5516.56

5516.56

5516.56

330.733

330.733

330.733

330.733

30967

27886.1

25211.2

17845.4

5516.56

5516.56

330.733

330.733

330.733

13051.7

9835.24

8767.01

(kg/hr)
Total
(kmol/hr)
Total
(l/hr)

Stream Name

Table D.3: Stream results from Aspen Plus Model.
7
WATER
RECY-H2
SNG

Temperature

5

5

5

5

29.768

Pressure (bar)

8

8

8

8

10

Total

186.348

144.384

5.43

179.123

5.43

Total (l/hr)

8862.45

56.81

262.955

8505.47

229.34

Total (kg/hr)

2915.28

2601.28

10

2905.28

10

RECYH2

(oC)

(kmol/hr)
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Appendix E: Catalyst Costing
Cost of Ni/Alumina pellets for methanation is $1000/ ton.52 Therefore, the cost of current
weight of catalyst required: $220.12.
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Appendix F: Copyright Permissions
The copyright permissions used below is for materials used in Chapter 4, Figure 4.2.

The copyright permissions used below is for material used in Appendix C, Figure C.1.
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